SUMMARY Felodipine is a new calcium antagonist with a high degree of vascular selectivity. To examine its potential value as an afterload reducing agent in congestive heart failure 11 patients were studied. Substantial increments in cardiac index were associated with a fall in systemic vascular resistance. Left ventricular end diastolic pressure was also significantly reduced. Although left ventricular maximum dP/dt remained unchanged, maximum dP/dt/P increased. Left ventricular unloading was reflected by a reduction in cavity dimensions and a shift in the relation between end systolic pressure and dimension downwards and to the left. The myocardial oxygen supply to demand ratio was also improved: coronary sinus flow increased significantly despite a decline in myocardial oxygen consumption. These beneficial haemodynamic and metabolic effects suggest that felodipine may extend the clinical application of calcium antagonists to include the treatment of congestive heart failure.
Calcium antagonists such as nifedipine and verapamil reduce the inward flux of calcium ions across cell membranes by their inhibitory action on the calcium slow channel. ' These drugs are particularly active in the myocardium and vascular smooth muscle, in which the reduction in intracellular calcium ions impairs excitation-contraction coupling thereby inducing negative inotropism and vasodilatation.2 The combination of these separate cardiovascular influences probably underlies the efficacy of calcium antagonists in the treatment of angina and hypertension. [3] [4] [5] The systemic vasodilator effects of calcium antagonists indicate a potential role for this type of treatment in patients with left ventricular failure. A number of acute clinical studies have shown a useful improvement in left ventricular function which-in contrast to the in vitro findings-usually occurs without deterioration in derived indices of contractility. [6] [7] [8] [9] Other investigators,'0 however, have provided clear evidence of a negative inotropic response to calcium antagonists in patients with severe heart failure, which probably accounts for earlier reports of circulatory collapse and pulmonary oedema during treatment with these compounds. l-14For this reason
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The recent introduction of felodipine, however-a nifedipine analogue with pronounced vascular selectivity-promises to extend the clinical application of this class of agents. Experimental work has shown that felodipine is a potent vasodilator with negligible effects on the myocardium.15 16 These properties distinguish felodipine from all the currently available calcium antagonists and indicate that the drug might be used safely as an afterload reducing agent in patients with congestive heart failure. The present study was designed to examine this issue. Particular attention was directed towards evaluating the effects of felodipine on left ventricular systolic function, systemic and coronary haemodynamics, and myocardial substrate metabolism.
Patients and methods

PATIENT S,LECTION
Eleven men aged from 38 to 66 (mean 57-4) years were studied. All were selected on the basis of severe congestive heart failure (New York Heart Association functional class III and IV), which had responded inadequately to conventional treatment. None Measurements of stroke volume and vascular resistance (expressed in arbitrary units) were derived by standard formulae. Cardiac output and stroke volume were normalised for body surface area. The rate of rise of left ventricular pressure (dP/dt) and the quotient of dP/dt and instantaneous pressure (P) were derived by simultaneous analogue processing of the left ventricular pressure signal. The simultaneous records of left ventricular pressure and septal and posterior wall endocardial echoes were digitised between two consecutive R waves on the electrocardiogram with a high resolution (0. 1 mm) digitising tablet (Summagraphics) interfaced with a microcomputer system (Commodore).
Arterial and coronary sinus blood samples were assayed for plasma free fatty acids'8 and whole blood lactate'9 and glucose.20 Whole blood oxygen and haemoglobin concentrations were measured using a Radiometer OSM2 Hemoximeter; oxygen content was derived by standard formulae. Arteriocoronary sinus concentration differences in whole blood were calculated for each substrate, and the myocardial extraction ratios were derived by dividing the arteriocoronary sinus difference by the arterial level expressed as a percentage. Myocardial uptake for each substrate was calculated as the product of arteriocoronary sinus concentration difference in whole blood and coronary sinus blood flow.
STATISTICAL ANALYSIS
Two way analysis of variance was used to test the significance of the overall changes in individual haemodynamic and metabolic variables across time.
Those variables which changed significantly (p<0-05) were then subjected to a modified t test-by the Bon-Felodipine in heart failure feronni method-to identify the source of the differences. 21 
Results
HAEMODYNAMIC RESPONSES
The haemodynamic responses to felodipine are summarised in Table 1 . Individual patient data are given in Fig. 1 .
The severe left ventricular impairment in these patients was confirmed by the control haemodynamic data, which showed a considerable increase in the left ventricular filling pressure and reductions in both the cardiac output and the isovolumic indices of contractile state. Left ventricular impairment is also illustrated by the pronounced rightward shift of the control pressure/dimension diagrams (Fig. 2) .
After administration of felodipine cardiac index and stroke volume index substantially increased in all patients and was associated with a quantitatively similar reduction in systemic vascular resistance. In the eight patients who received a total cumulative dose of 15 mg these changes were largely dose related during the first two increments, but thereafter responses usually reached a plateau (Fig. 1) . Although right atrial pressure did not change significantly, the left ventricular filling pressures-measured by left ventricular end diastolic pressure and pulmonary capillary wedge pressure-fell considerably (Fig. 1) . Small increments in heart rate occurred in seven patients, but these never exceeded 10 beats/min and the overall changes were not significant. Blood pressure, however, showed an appreciable reduction, which was of similar degree for both the systolic and diastolic measurements. No important changes in the maximum left ventricular dP/dt were observed, but maximum dP/dt/P increased in every patient (Fig. 1) . Felodipine significantly lowered the pulmonary and coronary vascular resistances. The alteration in coronary resistance occurred during an increase in coronary sinus flow, which was most pronounced at the highest dose increment.
The reduction in left ventricular pressures in response to felodipine was associated with a directionally similar change in the systolic and diastolic cavity dimensions. A pronounced downward and leftward shift of the end systolic pressure to dimension relation was observed (Fig. 2) .
METABOLIC RESPONSES
Arterial concentrations of glucose and lactate did not change appreciably during the study (Table 2 ). The small increase in arterial free fatty acid concentration and the small reduction in arterial oxygen saturation (Fig. 3) were both, however, statistically significant. The myocardial extraction of all the major organic substrates decreased substantially, but despite this the Myocardial oxygen extraction was also reduced; importantly, however, this was associated with a significant reduction in myocardial oxygen consumption (Fig. 3) . The changes in the relation between end systolic pressure and dimension that occurred in response to felodipine indicate that the reduction in left ventricular pressure was associated with a simultaneous reduction in cavity dimension. In the normal heart the end systolic pressure/dimension relation is as sensitive to changes in inotropic state as the more widely used end systolic pressure/volume relation,23 reflecting the almost linear correlation that exists between ventricular dimension and volume.24 But in patients with heart failure and coronary artery disease the distorted left ventricular geometry is likely to render the end systolic pressure/dimension relation a relatively less sensitive index of inotropic state, and our data, therefore, require cautious interpretation. 25 The shift in this relation downwards and to the left, however, occurred in every patient studied. This is consistent with afterload reduction being the dominant mechanism for felodipine's beneficial haemodynamic effects and strongly suggests that significant negative inotropism did not occur. 25 The effects of felodipine on isovolumic indices of left ventricular function indicate that contractile state did not deteriorate and provide further evidence that this drug is not appreciably negatively inotropic. Indeed, although left ventricular maximum dP/dt did not change (probably because of the pronounced reduction in loading) maximum dP/dt/P showed a small but consistent increase indicating an overall improvement in inotropic state.26 27 The mechanisms 450 responsible for this beneficial response are not clear but are unlikely to relate to a direct effect of the drug on the myocardium. Other investigators who have reported similar findings during vasodilator treatment have invoked reflex sympathetic activity or reduction in regional ischaemia as possible explanations. 28 Neither seems adequate in the context of the present study since heart rate (and by inference reflex sympathetic activity) did not increase significantly and, in addition, the single patient with a non-ischaemic cardiomyopathy showed a rise in maximum dP/dt/P, which was similar in magnitude to that in the remainder of the group. Regardless of the mechanism involved, however, the small improvement in the contractile function of the left ventricle during felodipine treatment indicates that the drug may be used safely in patients with congestive heart failure.
The reduction in left ventricular wall tension and cavity size that occurred in response to felodipine led to a significant decline in myocardial oxygen consumption.29 But despite the reduced myocardial oxygen requirement and the simultaneous lowering of coronary perfusion pressure, a modest increase in coronary blood flow was seen. This must reflect direct drug induced dilatation of the coronary system. 30 The beneficial effects of felodipine on myocardial oxygen supply and demand more than offset the potentially deleterious effect of the small reduction in arterial oxygen saturation that occurred during treatment. A similar phenomenon has been reported with other vasodilators-particularly those which, like felodipine, reduce pulmonary vascular resistance.3' Alterations in ventilation/perfusion relations in the lungs-due to redistribution of flow to poorly ventilated alveoli-is the likely explanation for this adverse effect. In practical terms, however, the reduction in arterial oxygen saturation was too small to be of clinical significance. The overall improvement in the myocardial oxygen supply to demand ratio is likely, therefore, to have been considerable, indicating a useful role for felodipine when heart failure is a complication of coronary artery disease.
In other respects felodipine had no important effects on the metabolic function of the myocardium. The small rise in the arterial concentration of free fatty acids is a predictable consequence of starvation, which had always started at least 10 hours previously and which continued thoughout the time it took to complete the study-about three hours. Although the myocardial extraction of all the organic substrates fell significantly, this simply reflects the increase in coronary flow since the coronary sinus concentrations of these compounds increased without significant change in their uptake by the heart.
The selective vasodilator properties of felodipine are confirmed in the present study. Although the Timmis, Campbell, Monaghan, Walker, Jewitt patients all had severe left ventricular dysfunction, the drug was well tolerated and showed no tendency to impair further the inotropic state of the myocardium. These findings appear to bear out the theoretical advantages that felodipine has over other calcium antagonists in patients of this type. The beneficial haemodynamic and metabolic effects of felodipine that occurred in this study indicate a role for this agent in the management of congestive heart failure. A proper evaluation of this role, however, will require further studies in ambulant patients: if these can show sustained benefit during chronic treatment felodipine is likely to be useful in the long term management of this condition.
